TMDS AND THE 3-D
STRUCTURE OF HADRONS IN
PP-COLLISIONS AT CERN

“DRELL-YAN SCATTERING AND STRUCTURE OF HADRONS”,
ECT?*, TRENTO, MAY 24, 2012




PROTON-PROTON COLLISIONS

physical (factorized) picture

Total momentum of all detected final state events:

q=q+Q@+q+..=>y, Q% qr

do' dO’

® collinear factorization: all final states! pToE T (Agep < gr)

e TMD factorization: color-singlet final states only: —(Aoop o ol
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DRELL-YAN PROCESS

Kinematics easy in dilepton rest frame

Gottfried-Jackson frame Collins-Soper frame

o, d% <y o b
d4q dQ o dy dQ2 (iQ(T'I‘dQ lopaon pdane (cm) Jogmon plane krm)

T —

L

Collinear factorization
=> large gt from undetected parton

P
TMD factorization ] ™
=> small qr from intrinsic parton momenta ’
=> only quark - antiquark interactions! = Xa
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TMD FACTORIZATION (DY)

DY: Separation into Leptonic + Hadronic Tensor

All order TMD fact0r1zat10n theorem :

T<<Q

. e 1o 2
Unpolarized proton = F%(x, kr) = 5 film b e egMT hi (z, k%)l

doyy
Boer-Mulders effect = dqdQ) X

CIfL f] + cos(26)Clh? hT] + O(A/Q)
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(NAIVE) TMD DEFINITION

Implement “intrinsic” transverse parton momentum kr (x, kr)
—> opportunity to study different aspects of hadron spin

structure (e.g. 3-d momentum structure,

spin-orbit correlations, etc.)

(m kT,S) dé(;‘ )zT ez’”<P Sl %( )WSIDIS/DY[O Z] ¢z( )\P 5)

| +=0]

=> Wilson line: Initial / Final State Interact1ons, process dependence

Initial State Interactions: Drell-Yan Final State Interactions: SIDIS

— sign switch of Sivers and Boer-Mulder function “T-odd”

fJ_' — _fJ_‘ l Y_LL‘ - _h_L‘ l
17T L= 17T 1 = 1
DIS DY DIS DY,

S ———
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TMDS AND EVOLUTION

[Aybat, Rogers, PRD83, 114042; Collins’” “Foundations of pQCD”]

Fiipla.bipiCr) =

Exact TMD definition beyond tree-level:

1) Wilson lines are off the light cone e | \;‘f

—> E regulates light cone divergences TS

— “unsubtracted “ TMD o \j‘f ,;‘2
2) “Soft factors” implemented “ - y

Implements Subtractions/Cancellations

S(02; —y, ys) \
S(b%; —y,y)S(b%; ys, ¥)-

F(waggﬁ,&;f) — Am/, yET_I”lw ( f’unsub(:l;‘,g?p;u; yp — YY) X

Evolution equations for & (Collins-Soper evolution)

Oln f}(2,0%;p56) _ 1 0 | (5(6F;ys,—00)
Oln /€ 2 0ys S(b%; 00, ys)
anomalous dimensions

dln b2t i d19  (S0Fys=—00)) _ _
i = vr(g(1); §/1°) o (s 0
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TRANSVERSE MOMENTUM
DEPENDENCE

[Aybat, Rogers, Qiu, Collins; Anselmino, Boglione, ...]

Solution of evolution equation

egq (x,bT)—|—§gK (br) In .:,
pocl /b, ]

poxl /b,

i1 (2, b7 1:6) = ) (éqq, q(g;)) ‘ e

>

! Y

TMD at larée ke perturbative Sudakov factor non-perturbative input

Up Quark TMD PDF, x = .09
T T T T . T I T

1
b =.5GeV
T max “ —— 0 - \y2-4 ch

- Q=50GeV
‘o= n Q=91.19GeV

.-

Fup.'.{ x=.09k ) (GeV )

* .
e B
-
-

001 & L | 1 | LA | 1 ] 1 | ———
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PROTON-PROTON
COLLISIONS BEYOND DY

Further leptonic final states available for TMD factorization

L ((u‘), (vy), (vID), ('T)(D), ) "

® Gluon-Gluon fusion at NNLO through loops o
—> known to contribute in coll. factorization 7 [ Lo

® No gluon fusion in Drell-Yan (Furry’s Theorem)

® Chance to study gluon TMDs at low x

Q2 (10— 100 GeV ¢
S(1+4¢2/Q?) 7000 — 14000 GeV

Lg Lp =
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Gluon TMDs

— T
[ (2, Fr) = — /dz T k2 (P, S| FH(0) WI0; 2] FH(2) P, )

L Pt e 2=
X, Kt
P[T—even] (ZU, ET) F[T—Odd] (CE, kT)
; : P/u\
flip flip z
fg hJ_ g * A 1/ 77,
1] R UE gluonic correspondence to “Boer-Mulders”:
T-even
[ g hJ_ g * unpolarized gluons in transversely pol.
1L B proton: gluon Sivers function

o 0 i *  gluonic transversity / pretzelosity /
1 glj(z fng h‘(ly hl’_lg wormgears: T-odd
no chirality

*

[Mulders, Rodriues, PRD 63,094021]

*

two collinear PDFs
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Processes discussed w.r.t. gluon TMDs
Gluon TMDs do not appear in Drell-Yan or SIDIS...

Thursday, May 24, 2012



Processes discussed w.r.t. gluon TMDs
Gluon TMDs do not appear in Drell-Yan or SIDIS...

QPDE DX X

Jet / Hadron production in pp - collisions

Spin dependent processes feasible at RHIC
colored final states: problems with TMD factorization
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Processes discussed w.r.t. gluon TMDs
Gluon TMDs do not appear in Drell-Yan or SIDIS...

QPDE DX X

Jet / Hadron production in pp - collisions

Spin dependent processes feasible at RHIC
colored final states: problems with TMD factorization

e e Heavy Quark production in ep -

collisions
[Boer, Brodsky, Mulders, Pisano, PRL 106, 132001]

TMD factorization ok!
Spin dependent gluon TMDs: EIC
(Nucleon) spin independent gluon TMDs: EIC / HERA(?)
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GLUON - GLUON INTERACTIONS

General gluonic TMD expression:

i
\B A/
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GLUON - GLUON INTERACTIONS

General gluonic TMD expression:

i
\B A/

. i T BT
unpolarized proton: ..,U(x’kT) — zfl (x, k7) + e hy (Bk
Calculation of partonic amplitudes gh(ky) = (01 O B
=> convenient to use gluon polarization vectors o - v
—> helicity amplitudes O Z ex(Kayp)(€X)" (Kayp)
)
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GLUON - GLUON INTERACTIONS

General gluonic TMD expression:

i
\B A/

e ——
unpolarized proton: ;U(a:,kT) — Zfl (x, k7) + e hy (Bk
Calculation of partonic amplitudes gh(ky) = (01 O B
=> convenient to use gluon polarization vectors o - v
—> helicity amplitudes O Z ex(Kayp)(€X)" (Kayp)
)

|
|
|

Taixa (@ F7) = D9 (2, k) (£, (R))" (64, (R))" =
- - # €5, )
Helicity correlator: L ) e

20\
helicity non-flip / \

hyf (x, k)

helicity flip
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GENERAL GG - STRUCTURES

General TMD cross section in the helicity formalism

do
d*qdf) ...

(QT << Q) X C[FACL)\OL/ (xaa ECLT) FAb)\b/ (xb7 EbT)] Z (Mg\aAb (Mg\a/)\b/)*)

I

Decomposition into four structures
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GENERAL GG - STRUCTURES

General TMD cross section in the helicity formalism

do
d*qdf) ...

(QT << Q) X C[FACL)\OL/ (xan ECLT) F>\b>\b/ (ajb7 EbT)] Z (Mg\aAb (Mg\a/)\b/)*)
I

e —— i ——". »i

Decomposition into four structures

'ﬁf L7 fi] <z; M55, (Mﬁaxb)% F 1 (Q, Q, it ) — helicity non-flip, ¢ - independent, survives qr-integration
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GENERAL GG - STRUCTURES

General TMD cross section in the helicity formalism

do
d*qdf) ...

(QT << Q) X C[FACL)\OL/ (xan ECLT) F>\b>\b/ (ajb7 EbT)] Z (Mg\aAb (Mg\a/)\b/)*)
I

e —— i ——".

Decomposition into four structures

'ﬁf L7 fi] <z; M55, (Mﬁaxb)% F 1 (Q, Q, it ) — helicity non-flip, ¢ - independent, survives qr-integration

| - - . === double helicity fli
T2, — k) (L, — B2) + Aoz kbnkayka ) y flip,
E e 16;\24 = iy Z Miare MIx,—x , F2 (Q, Q, b ) = ¢ - independent,
4B i : g o

vanishes upon qr-integratio
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GENERAL GG - STRUCTURES

General TMD cross section in the helicity formalism

do
g .. (g7 < Q) x C[Trx,, (ZTas kat) Taga,, (Tbs kor))] Z (/\/l,\ S (/\/lf\a,,\b,)*)

e —

e ———— 7

Decomposition into four structures

f /7 7] (Z M3 Mﬁaxb)% F 1 (Q, Q, i ) = helicity non-flip, ¢ - independent, survives qr-integration

: : : double helicity fli
(k?m J % kg >(k2x B kz ) S 4kamkbmka ka y p/
.CL — 16;\24 = i Mkl Fy Q, i ) — ¢ - independent,
AR , <

vanishes upon qr-integratio

B2 k2 ) —> single helicity flip, cos(2¢) - mode,
e ZMW Mrn) 0.9 8 y fip cong)

weighted qr-integration

| Bt b ingle helicity fli Sl el
c 4M2 1 th ZMA Sl Mﬁ B F3 b Q Q ) —> single helicity flip, cos(2¢) - mode,

weighted qr-integration
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GENERAL GG - STRUCTURES

General TMD cross section in the helicity formalism

do
d*q dS) ..

(C_ZT =@ o O (Za, Kar) Ty, (@8, Bz Z (M,\ i (M{\a,,\b,)*)

e —— i ——".

Decomposition into four structures

’ﬁf[f 7 fi] < M3 n, (M5, % F 1 Q Q ) = helicity non-flip, ¢ - independent, survives qr-integration

= - : double helicity fli

| (k?m J % kg >(k2x 3 kz ) S 4kamkbmka ka y p/
.CL Lot 16;\24 yy hfg hy? e ¥l Q, i ) — ¢ - independent,
AR , <

vanishes upon qr-integratio

B2 k2 ) —> single helicity flip, cos(2¢) - mode,
C e Y- hy? ff ZMA Pl MIA e F3 a Q Q ) 5 : y p ( (1))

weighted qr-integration

NG

e : SR S
o b, g Lo Z L ) F3 : Q Q ) —> single }.1e11c1ty ﬂ1P, COS(Z(‘?) mode,

weighted qr-integration

| (K2, — k2,)(k3, — k2,) — Ak ook ko double helicity flip,
y/\""b 16]6\44 Y yhfghfg ZMA —Xq _/\/lf>\ e F4 Q Q ) -> COS 4q)) mode,

weighted qr-integration

e et
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Box diagrams

Diphotons Other leptonic final states:

quark -antiquark interactions —> 77, WW, 41, Zv, 21y
P, P,

Xb xb

Qv Qb

+

a, %q,
P Xa P XJ
gluon TMDs at O(as?)

’ { M <
X XL LI X,
. S g

[Qiu, M.S., Vogelsang, PRL 107, 062001 (2011)] [Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

.

* no colored final state = TMD factorization ok
* only Initial State Interactions, past-pointing Wilson lines
X gauge invariance = box finite = effectively tree-level
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Unpolarized pp—vyyX Cross-Section at qr << Q

e D T

quark contributions = almost identical to DY
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Unpolarized pp—vyyX Cross-Section at qr << Q

(Z(g;z i (511;22 9) ((1 + cos0)[f{ @ f{]+ cos(26)sin(26)[h; ? & hlm])l

quark contributions = almost identical to DY

+(;_;)2(71 170 ff]+ Falhy? @ b + oos(26) Fylh* ® f + £ ® hi %] + cos(dg) Felh? @ hllg])l

gluon contributions => absent in DY

Fz’ ((9)% non-trivial functions of cos(0) and sin(0) (Logarithms from quark loop)
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Unpolarized pp—vyyX Cross-Section at qr << Q

ﬂii% i (sinz? 9) ((1 + cos0)[f{ @ f{]+ cos(26)sin(26)[h; ? & hlm])l

quark contributions = almost identical to DY

+(;_;)2(ﬂ 110 1]+ Fll? 0%+ )R O f + 1 0h |+ as{dg)Fi* 01,

gluon contributions => absent in DY

fz‘ ((9)% non-trivial functions of cos(0) and sin(0) (Logarithms from quark loop)

100 ‘ , , , ¢ cos(4¢p) modulation a pure gluonic effect

cncor| @ cos(2¢) = sign of gluon hit

10}

e requires pr & isolation cuts for the photons

sin(B) * prefactor(8)

l J powerful in combination with DY
= map out quark TMDs in DY — gluon TMDs
in yy
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NUMERICAL ESTIMATE
RHIC energy: V'S = 500 GeV

Positivitv bounds

(o lig — 2M° _ M T \—eg:
Ry < k:2 ff ﬂlh ’ Q| l><103:" \\_ --------- — gg: -(BM)
A & et ] T \-\ — gg: <c0s(20)>

— gg: <cos(40)>
qq: f, £,

-+ qQ: <cos(20)>

= DY:f £

(Gaussian ansatz:

0/9/

q | - = DY: <cos(20)>

— Gluon TMDs feasible at RHIC at mid-rapidity!
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Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doruy
rd4 q dS2

o

~ St sin ¢g [ _

Qg
2

2

sin? @

(1+cos?0) [fiz? ® f1]

2
) (fl fi2? ® {1+ F M @ hi%] + Fa[hyf’ ® hffg])] 4o

l
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Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doTu 2 2 1 7
~ St sin [ 1+ cos“# 7R ff
diqdQ + Ps sinZ 0 ( ) Lfiz" ® fi]
% L,9 o £9 9 o 1.9 1,9 o L9
+(52) (F1177° ® f)+ Fa (1S © hi ) + Fa iy @ hi
271' [flT fl] [ 1 1 ] [ 17T 1
Estimates for RHIC 500 GeV
: — gg: Sivers
lxm}E — gg: transversity
i — gg: pretzelosity
— qq: Sivers
z A
g, 1><102§- --- E
\E - :
,8 ,
- \
\
1x10'F %
0 i 5
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Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doTu 2 2 1 7
~ St sin [ 1+ cos“# 7R ff 1
diqdQ + Ps sinZ 0 ( ) Lfiz" ® fi]
A% 1,9 o £9 9 o 1-1s9 1,9 o 3-1.9g
+(—) (]-'1 9® 9] + Fa [h ® hi9) + Fa [hif @ hi9]) | + ...
o) (7757 @ 91+ Fa b ® hi) + Fa i @ b
Estimates for REIC 500 Ley o Gaussian Ansatz + positivity bound
1510° — gg: Sivers for gluon and quark TMDs
£ — gg: transversity
i — 2g: pretzelosity
— qq: Sivers e Flavor cancellation for qduark Sivers func
. -~ S, s L2
= _ N s e
g 1107 ===~ E — bound only for u-quarks
\E - :
_8 ,
= \
\
1x10'F %
0 I 5

Thursday, May 24, 2012



Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doTu : 2 2 L 7
~ S [ 1+ 6 7R f1 ]
digdQ T Sin@s sinZ 0 (1+cos®0) [fi7" @ fi]
Qs 2 1,9 g ] 1,9 1,9 1,9
+(—) (]-'1 9® 9] + Fa [h ® hi9) + Fa [hif @ hi9]) | + ...
22) (Rl @ 191+ Fa b @ ) + Fa i @ 1]
Estimates for RHIL 500 eV o Gaussian Ansatz + positivity bound
3 — gg: Sivers | for gluon and quark TMDs
Ix10 £ — gg: transversity
i — 2g: pretzelosity
— qq: Sivers - ® Flavor cancellation for qduark Sivers func
. -~ S, s L2
= _ N 1 =
g Ix10° 5 === - — bound only for u-quarks
B “ 1 e Sign not fixed by bound
3 \|  — quark and gluon Sivers effect could add.
\
1x10'F i
0 5
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Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doTu : 2 2 L 7
~ S [ 1 9 g q
qaty ~ 51 sinds g (1400 0) 1157 @ £ |
Qg 2 1l.g g g 1.9 1,9 1,9
+(_) (.7-' 9 ® f9] + Fa[h? @ hi?] + Fa [hf @ hi9))| + ...
I 1[fir” ® fi I 1] P17 1)
Estimates for RHIC 500 L.eV o Gaussian Ansatz + positivity bound
3 — gg: Sivers | for gluon and quark TMDs
Ix10 £ — gg: transversity
i — 2g: pretzelosity
— qq: Sivers - ® Flavor cancellation for qduark Sivers func
. -~ S, s L2
= _ N L e
g IX10°6 ===~ - — bound only for u-quarks
= : 1 e Sign not fixed by bound
3 \|  — quark and gluon Sivers effect could add.
\
1x10'F % ¢  Gluons dominate at mid-rapidity,
0 5 quarks at large rapidity
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Gluon Sivers Effect

(Transverse) Spin dependent photon pair cross section:

doTu : 2 2 1 3
~ S [ 1 9 g q
oy ~ St sings [ (14 cos?0) 157 @ /7 1
A% 1,9 o £9 PR 1,9 o pLs9
+(_) (.7-' 9 ® f9] + Fa[h? @ hi?] + Fa [hf @ hi9))| + ...
52) (711570 ® 91+ Fa[18 @ b )+ Fa iy @ B
-t o RIEIC SURERY o Gaussian Ansatz + positivity bound
3 — gg: Sivers | for gluon and quark TMDs
IX10° — gg: transversity
! — gg: pretzelosity
— qq: Sivers - ® Flavor cancellation for qduark Sivers func
_ -~ S BRI S
< _ N i Al 7
% 1x10°E = ==~ 3 — bound only for u-quarks
= : 1 e Sign not fixed by bound
3 \|  — quark and gluon Sivers effect could add.
\
1x10'F % o Gluons dominate at mid-rapidity,
0 5 quarks at large rapidity

e Effects by gluon “transv. / pretzel.” small
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DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:




DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:

1) Calculate complete NLO contribution for all qr

PRR T =

(d) (e)
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DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:

1) Calculate complete NLO contribution for all qr

e A

(d) (e)

2) 1/qr - expansion for qr << Q

In(Q*/q7)

a7

4o = 6@ (Gr) Cs(y, Q% Q) + [

2 2 .
dy dQ? d?qp dY L Ci(y, Q% Q) + [ L Co(y, Q%) +... = W+Y

1
a7
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DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:

1) Calculate complete NLO contribution for all qr

e A

(d) (e)

2) 1/qr - expansion for qr << Q

] C1(y, Q% Q) + [%] Co(y,Q%, Q) +... = W+Y
+ drdy

In(Q*/q7)

a7

@ )
\ _ (2) (= 2 0
dy dQ? d2q7 dQ) 0 (qr) Cs(y, Q~, Q) + [

|

: . db . - .
3) Fourier transform into br-space =~ W(Q. 0.y, 2.) = [ ( e'CrPW(Q, b, y, 1.).

] Qn)
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DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:

1) Calculate complete NLO contribution for all qr

2) 1/qr - expansion for qr << Q

| do
dy dQ)? d2qr dS)

I

— 6O (G) Cs(y, Q2. ) + [m@g/%)] 01<y,cz2,ﬂ>+[i2] Co(y, Q) + . = WY
T + drl4

—

: : db .- - .
3) Fourier transform into br-space =~ W(Q. 0.y, 2.) = [ 53 €0rIW(Q.b,y, Q)

J 2m)”
Q” d,LL

4) Exponentiate singular logs - resummation  Ss,q(Q,br) = /
1/b2, p?

(A In(Q*/p”) + B
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DIPHOTONS IN COLLINEAR
FACTORIZATION

[Nadolsky, Balazs, Berger, Yuan; Catani, Grazzini, de Florian]

Procedure for CSS-resummation:

1) Calculate complete NLO contribution for all qr

2) 1/qr - expansion for qr << Q

| do
dy dQ? d?qr dS2

I

— 5O (G) Cs(y, Q2 )[MQﬂ”]cmmﬁm+lH Co(y, Q) + . = WY
T + drl4

—

: : db .- - .
3) Fourier transform into br-space ~ W(Q. 0r.y. ) = [ oart . W@ by )

J (2m)
Q” d,LL

4) Exponentiate singular logs - resummation  Ss,q(Q,br) = /
1/b2, (2

(A 1n(Q%/1s%) + B]

5) Result W (y, Q,br, Q) = ¢5sua(@br) (Fl(ﬂ)(cq 2 )% + F3(Q)((C, ® )(Cy @ q) +

(Cq @ q)(Cy ©q)) + (Fa() + Fa()(Cy © ) ))(@ar 21, 1/b7)

—> Structure similar to TMD result! = Matching of coll. and TMD formalism
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GLUON TMDsS IN HEAVY IONS

[Metz, Zhou; Dominguez, Qiu, Xiao, Yuan]

Definitions for large nuclei A:
Weizsdcker-Williams distribution: Dipole distribution:

1&E-d* & e D 2 ‘
=L it e kB AITEFYi(E + 7, £y + y U FYIG, v ) UR |A)

N déE~d*E, s i o ) . _
M _[ —— P RS AR E 4y, Fy LY LFY(y T,y )lA) Mpp = 3[

2zyrp* € (27) P
87 Vo 0 Vaif)opLe 01 (x, ky) + lA k’ ~ L5 e (x, ky)
" \',;.\\““.A; ) ¢ ’k'-LA‘A 4(‘)‘ ‘h|\\\\("k1 '. 2 ",llll" X, 1) : 1™ .1 (.; X Ill)l" X, L)
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GLUON TMDsS IN HEAVY IONS

[Metz, Zhou; Dominguez, Qiu, Xiao, Yuan]

Definitions for large nuclei A:

Weizsacker-Williams distribution: Dipole distribution:
y 1E-d2&, .. - = | i A T : Tt res T
“u«“ - [‘(f”":;} (,nl ¢ ik, &, (““' "SC 3 y 'E.L o} A )L: ‘ \L\I." ,'(.\. V1 ,ll‘\ 1\"[;], = 2[ ':7‘-'.‘,:‘ e P4 AS ‘(_,““I'l’ ‘t‘ + y ,<&1 + Y1 )l'E .].,f F ‘(_\' s \‘)ly{‘. J\[:\)
(S,” ’ ] X X ] . (Sl: 2 l YR | ] i) le
=Xf1 wwln k) (’L’lk"‘ 48':)\l:r\‘\\\(,\‘,k L) = T-U Loplx. ky) + <—jkikL - 3%)»"'1 pplX. k1),

Color Glass Condensate = classical YM-equations, random color sources
Fti(y) = 0% Ai(y,) = —U(y)d, aUt(y)) —Via,(y1) =p,(1)

§ 5 / : 1 3 pax)ps(x)
Matrix elements = Gaussian weighting over color sources  exp{— 3 [ &’ x557%5
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GLUON TMDsS IN HEAVY IONS

[Metz, Zhou; Dominguez, Qiu, Xiao, Yuan]

Definitions for large nuclei A:

Weizsdcker-Williams distribution: Dipole distribution:
4 - a- ‘. 2 > 2 1) d.. ([JSC > g ik, £ 7ot > o ’ o 4 \
"""K\\ _f:fw'i;’l(,nl' ¢ "“‘:“(AII'”"VE +.\. -.fJ. +_\'L)L}“L\I"'-"_\' -.\'L’IA:) “‘Ilsl’ = 2/ |§,—,—|“Iw‘ (.ul £ ~iky “‘(A“f" "é‘ + vy, &L + .\'l)L"'E:.]-,tl' .,(-\. ..\'-)(-"{‘._-,]\IA)

1)

(Sf ] “EE V| I N LR

-—

ol )

(b o | YEE N | ] ol le
= TL‘lf ”)p‘.\'. ki) + (?,\.ij, - 3()1),\'[“ l\);,(.\" ki),

—

Color Glass Condensate = classical YM-equations, random color sources
Fti(y,) = 0%Al(y,) = —U(y ) aU'(y}) —Vie,(y1) = p(y1)

§ : A E 1 3 a(x)ps(x)
Matrix elements = Gaussian weighting over color sources  exp{— > [ dxE Al =

Results:

X fiww(x k1)
e N1 03

=S5, - — In—= (Aoep <k < Q) —> no saturation
4 (I\J\ll k‘

V2 -1 of pos. bound
lg f V¢ A
xh Ax, ky )=2S ——  (Aocp <k, < 0,)
LWW 1 Lm0 QCD 1 K0
N2—1 pu,
.\/]““(lk )~S_L \ T ‘k‘; > Q‘)
V2 —> saturation at large kr
xhit (o k) =25, ————54 1, » 0.
' 47 k
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GLUON TMDsS IN HEAVY IONS

[Metz, Zhou; Dominguez, Qiu, Xiao, Yuan]

Definitions for large nuclei A:

Weizsdcker-Williams distribution: Dipole distribution:
déd* ¢ ' p . 2 ij d.f (Iu_f, g . F il & > ’ -t i 4
_'wi{“ - :;n'i:.l e xP € “u"i(:All""(‘f +y »EJ_ +.\'L’Lg+‘L\I""/‘." -.‘J.'lA} ,\.[[31, = 2[ VP e P & —iky *1<A|lrl' (E-+y & + ."l)L"{;'ol-.tl' Iy '_\.-)(’,ﬁ?.]\‘|l4)
5] 51

l

» PP T g
_,J‘ Xflwwlx k) (,,k‘l K 40;).\'1}{& wln k),

-

. fR L I‘..' ) ]~'/ hA® (v L

Color Glass Condensate = classical YM-equations, random color sources
Fri(y,) = a%Ai(y)) = U)o aUty)  —Vie(1) = p.01)

§ : A E 1 a(x)ps(x)
Matrix elements = Gaussian weighting over color sources exp{— 5 [ d’x — A f )

Results:

xfiww(x k)
L NZ—1 ] | 0:

~ . 'I ] -_) o
S, A aN. "k{ (Aoep €k, < Q)) nfo satu;a’uor;1 ‘hl Dp(‘ /\L) = 2-‘”0;)“» /\1)
.\ O pOS. oun
ANI_, - l 2
hiE (k) =2 : _,u.,,\ Aoc ' - R - = >
T 7T
N2 -1 '
V21 1 => gaturation at large kT > Saturatlon fOI' all X, kT.
.\'h,i\‘;v“-(.t‘, ky)=28§, — #— (k; > 0Q,).
: 47 k
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RELATION TO LHC PHYSICS

Search for the Higgs boson: = mass my, total decay width I'y
[CMS] [ATLAS]

) ) . , :;10..' ....... .'_""""""""T":
c\ | CMS Preiminary, \s = 7 TeV —— Cbiorved o ATLAS Preliminary 2011 Data
~ | Combined, L =4.64.7 o B Expected : 1o [ —
e | e, s Expected 2 20 c Observed |, 4 _10491"
8 10 :‘« | : LEP excludad o Expe(:ted o '
o E : : ’”‘, Tovaron exchuded E D i1 c \S = 7 TeV
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LINEARLY POLARIZED GLUONS AND HIGGS PRODUCTION

[BOER, DEN DUNNEN, PISANO, M.S., VOGELSANG, PRL 108, 032002 (2012)]
Can gluonic TMDs be useful for the LHC?

Once a scalar particle (Higgs!?) is found........ want to determine its parity.
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LINEARLY POLARIZED GLUONS AND HIGGS PRODUCTION

[BOER, DEN DUNNEN, PISANO, M.S., VOGELSANG, PRL 108, 032002 (2012)]
Can gluonic TMDs be useful for the LHC?

Once a scalar particle (Higgs!?) is found........ want to determine its parity.

pure Higgs production via top-quark loop

linearly polarized gluons sensitive to Higgs parity
g gy ik g Lg
1@ f] £ R @~

+: scalar Higgs -: pseudoscalar Higgs
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LINEARLY POLARIZED GLUONS AND HIGGS PRODUCTION

[BOER, DEN DUNNEN, PISANO, M.S., VOGELSANG, PRL 108, 032002 (2012)]
Can gluonic TMDs be useful for the LHC?

Once a scalar particle (Higgs!?) is found........ want to determine its parity.

pure Higgs production via top-quark loop

linearly polarized gluons sensitive to Higgs parity
g g g Lg
f1 @ fil£lhy” @ hy”]

+: scalar Higgs -: pseudoscalar Higgs

b h 1 . [hng X hfg] —> precise qr measurement may offer
gr-oenaviour: R = : ; :
: b eded a way to determine Higgs parity
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LINEARLY POLARIZED GLUONS AND HIGGS PRODUCTION

[BOER, DEN DUNNEN, PISANO, M.S., VOGELSANG, PRL 108, 032002 (2012)]
Can gluonic TMDs be useful for the LHC?

Once a scalar particle (Higgs!?) is found........ want to determine its parity.

pure Higgs production via top-quark loop

linearly polarized gluons sensitive to Higgs parity
g g g Lg
f1 @ fil£lhy” @ hy”]

+: scalar Higgs -: pseudoscalar Higgs

qr-behaviour: |r

Numerical estimate:

(Gaussian ansatz +

saturation
<pr?> =7 GeV?

At B :
e b —> precise qr measurement may offer
b e a way to determine Higgs parity
0.35 1 do
N p ——— [GeV™?]
3f : - T & -
ol Iyt e | qr . scalar Higgs
02 0.025¢ —  naive
0.15 0.020 3
' 0015E~"""""~ pseudoscalar Higgs
0.1
, 0.010
005 | N ooosk Ny
005 1 15 2 25 3 35 4 y qr [GeV]
o GV 1 2 3 4 5 6 7
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RESUMMED GLUON TMDS IN
HiIGGS PRODUCTION

[Sun, Xiao, Yuan, PRD 84,094005]
Use of “old-fashioned” TMD approach to derive CSS-resummation

for pure Higgs production: P, + By ilEEg
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RESUMMED GLUON TMDS IN
HiIGGS PRODUCTION

[Sun, Xiao, Yuan, PRD 84,094005]
Use of “old-fashioned” TMD approach to derive CSS-resummation

for pure Higgs production: P, + By ilEEg

1) Start from “unsubtracted” TMDs + soft factor => common hard part at one-loop order

‘:‘;d—io:g—m——* = — — _ _ — _ e — -1‘
‘ e H(M?, 12, p) [ P Phyrdln 5 (Bi R a e

'“ unsub pg,unsub 1 g,unsub ; 1l g,unsub
m j SR S(leuv )<f1a flb Ny h g h 9

— e —
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RESUMMED GLUON TMDS IN
HiIGGS PRODUCTION

[Sun, Xiao, Yuan, PRD 84,094005]
Use of “old-fashioned” TMD approach to derive CSS-resummation

for pure Higgs production: P, + By ilEEg

1) Start from “unsubtracted” TMDs + soft factor = common hard part at one-loop order

o
‘ydMQdQ QT

E %,M,p)(

_ -

2) Derive CS - equations:

f gFZ] unSUb(xabT7:E§7N7 )
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RESUMMED GLUON TMDS IN
HiIGGS PRODUCTION

[Sun, Xiao, Yuan, PRD 84,094005]
Use of “old-fashioned” TMD approach to derive CSS-resummation

for pure Higgs production: P, + By ilEEg

1) Start from “unsubtracted” TMDs + soft factor = common hard part at one-loop order

o
‘ydMQdQ QT

E %,M,p)(

_ -

2) Derive CS - equations:

f gFZ] unSUb(xabT7:E§7N7 )

3) Solve CS - equations and evolve to small bT'

(7 © /7 + 1 © 1) (wa, 20, br, M?) =
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RESUMMED GLUON TMDS IN
HiIGGS PRODUCTION

[Sun, Xiao, Yuan, PRD 84,094005]
Use of “old-fashioned” TMD approach to derive CSS-resummation

for pure Higgs production: P, + By ilEEg

1) Start from “unsubtracted” TMDs + soft factor = common hard part at one-loop order

= o
11dM2d2(_IT

E Sw,u,m(

_ -

2) Derive CS - equations:

a 17, unsu
§8§FJ b(xabT7:E§7N7 )

3) Solve CS - equations and evolve to small bT'

(5 & 72 + 1* © 1) (@0, 3, b7, M?) =
4) Perturbatlve tail of the gluon TMDs:

\fl ®f + hi¥ g th j il [e SsualM i L/bg) ((Oq ®q)° +(C; ® q)Q))(a:a, zp, 1/br)

—> agrees with conventional collinear resummation approach [Catani, Grazzini]
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Including Higgs decay: gg — H/A — vy

it . do99 5 4
q) mtegrated cross section of /d¢ o x fl [fiq R fiq] B fQ [hi—g R hi—g

Higgs + box:

d*q df)

L T——
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Including Higgs decay: gg — H/A — vy

)(’ | =
Y - - p 3« $ = *l i ...
x\ , \\ //
N o
¢ - integrated cross section of / dod? — g = i
- 5 d < F R 21+ Fo lhi? @ [
Higgs + box: | ¢d4q ds? Uy @ Ji 2 | :
L scalar pseudoscalar Q =~ my: fl > ﬁz
— 0 =m/2 Ny box dominant
— 0 =3m/8 i =
—0=m/4 0 Q-mu S
= _9 =18 02  Higgs dominant (pole of the propagator)
L‘HN 0.2 __119.7 04
0

0.6
0.8

Q [GeV] Q [GeV] -1 resolubion

Sign signature preserved at the pole!
small total Higgs width - qood §

02F
04
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4 LEPTON PRODUCTION

[Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

Different decay channels for scalar and pseudoscalar Higgs:
SM Higgs: tree-level vertex BSM pseudoscalar Higgs: top-loop

H Zv< A <Z ph‘<
———---a_ eeeomea- )
h.
Z < §+p_<
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4 LEPTON PRODUCTION

[Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

Different decay channels for scalar and pseudoscalar Higgs:

SM Higgs: tree-level vertex BSM pseudoscalar Higgs: top-loop
< -
H Z- " Z /ph.
---—»———«: ————m - A
"4
2 2P
one on-shell Z: gg —> AT two on-shell Z: LR /7
MNe= 5MeV, M;=912 GeV, M>= 25 GeV ['g= 5 MeV, M;=91.2 GeV, M,=91.2 GeV
F2/F] F2/F1
1.0 10
[\ ox + Higes 081\ — Box + Higgs
08 [ | _ gox . gsglg‘hggs 0.6:» — Box + PS Higgs
0.6 :
04
02 PR SRR | A P P A A A b " ..;u: Q [GeV]
F\VQ“;;--l;‘__--;"- ' . 5185 190 195 ZTO 205 210 215 220
AAAAAAAAA -;-‘_T—Ai-;r}%L;ru_4:$_OIG“W _0:;

t 122 124 [ 126 128 130

= more difficult w.r.t. parity distinction, clean process experimentally
warning: multi-pardon scattering!
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May use also azimuthal cos(2¢) modulation...

[Boer, den Dunnen, Pisano, MS, Vogelsang, in prep.]

i c05(26)) = [ dardp i cos(20) gt ~ Fo(6,Q) [ 9117 + hi’ @ ]

scalar Higgs contributes to 7z pseudoscalar doesn’t

— offers alternative determination of Higgs parity
— theoretically cleaner (yes/no decision), experimentally harder

scalar pseudoscalar

— scalar 0 = /2

— scalar 0 =3m/8

— scalar 0 =m/4

60 — scalar 0 = /8

— - pseudoscalar 0 = /2

— - pseudoscalar 0 = 3m/8
— - pseudoscalar 0= /4
— - pseudoscalar 6 = /8

cos(2¢9)>/<1> [GeV]

2
T

<q

)

20 Q [GeV]
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summary

o Several alternative processes to DY at the LHC

o Gluon TMDs accessible at the LHC and RHIC

o Distribution of linearly polarized gluons from cos(4¢) - mode
o Linearly polarized gluons may be useful to

pin down the parity of Higgs bosons
® Gluon Sivers- and Boer-Mulders effect may be feasible at RHIC (if = 0)

o To Do: Evolution of gluon TMDs
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SPIN-DEPENDENT TMDsS

q well-studied :
N U L T [experimentally & theoretically]
Sivers function
U ﬁl :L < Boer-Mulders function
(naive) collinear limits:
unpolarized, helicity, transversit
L. g hll polarized, helicity, ity
v - “wormgear” functions
T ek |8 |
&% | “pretzelosity”

quadrupole structure

t time-reversal odd /

Plot courtesy of B. Musch

Thursday, May 24, 2012



